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EXECUTIVE SUMMARY

Black Butte Dam is located on Stony Creek, a tributary of the Sacramento River,
about 9 miles northwest of Orland, California. The Corps of Engineers com-—
pleted construction of Black Butte Dam in 1963. In accordance with ER 1110-2-
1806, "Earthquake Design and Analysis for Corps of Engineers Dams,” dated

30 April 1977, an earthquake stability analysis was performed on the dam in
1983. The seismic loading for this analysis was obtained from a geological
and seismological study estimating a design earthquake and ground response
occurring on a nearby fault 2 to 6 kilometers (km) from the dam. The authors
of that study, Drs. Bolt and Seed of the University of California, recommended
a site acceleration of 0.45 gravity from a source tectonic structure like the
Black Butte Fault or Willows Fault system as defined in literature and on maps
of California geology.

Using a dynamic method of analysis it was concluded that the dam may experience
significant movements under the given earthquake loadings, resulting in the
possibility of slumping in the upstream portion of the dam. The large avail-
able freeboard of the dam would, however, retain the reservoir. Because of
this slumping, due to this design event, Seattle District, Corps of Engineers,
was asked by the Sacramento District, Corps of Engineers, to locate and exten-
sively study nearby faults and determine their capability to produce the design
event. The ongoing study was authorized under the Federal Dam Safety Assur-
ance Program.

Black Butte Dam is located within Seismic Zone 3 (see accompanying figure), a
zone of expected major earthquake damage. As shown on geologic maps of
California, the dam is located approximately 15 miles from the Coast Range
Thrust, 14 miles from the Stony Creek Fault, 12 miles from the Paskenta Fault
zone, 1 mile from the mapped position of the contested Black Butte Fault, and
15 miles from the northermmost end of the Willows Fault. The contested Willows
Fault system is a multibranched fault system extending from the north end of
the Willows Fault. A tectonic wedge, with thrust detachments at depth, has
also been proposed as existing within the near field area around the dam.

Underlying the dam are folded sediments of the Mesozoic age Great Valley
Sequence. Turough the interactions of plate tectonics they were folded into a
synclinal trough which emerged from marine to subaerial environment. During
folding, crustal shortening took place with the development of several deeper
level detachments. Formative tectonic stress stopped in the interior valley
of California about 3.2 million years ago. The present stress regime is con-
sidered an extension, similar to that occurring in the Basin and Range Province
to the east, but modified by compression caused by plate interaction between
the Pacific and North American plates along the San Andreas Fault zone. The
interior valley is marked by a relative seismic quietness when contrasted with
the very active western Coast Ranges margin and less active Sierra Nevada
eastern border,
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In past historic time, the site area has been shaken moderately by two earth-
quakes. The 1903 Willows event (estimated epicentral Maximum Mercalli (MM)
intensity of VII) most probably was not on the nearby Willows Fault but miles
to the east of the fault. Historic location for this event is in the central
part of the valley, but early settlement diaries indicate that the event was
not felt along the North Fork of Stony Creek. The 1906 San Andreas event
(epicentral MM intemsity of XI) was on the distant San Andreas system. In the
site area, this event had an estimated felt intensity of MM V or less.

Faults shown on present day maps resulted from early reports on California
geology. For instance, the Black Butte Fault was accepted by the Corps of
Engineers (1963) during site investigations for the dam and reservoir based on
1931 vintage reconnaissance work. Prior to this study there was no consensus
on detail or activity concerning the Black Butte Fault; substantial investiga—
tions of others were divided in opinion about its existence. In additionm,
numerous faults mapped as short segments were lumped together and proposed to
represent a multibranched fault system called the Willows Fault system.

The present study consists of extensive fieldwork and analysis of surface
geology, subsurface geology, and geophysical data about the subsurface. Our
evaluation of all this data has led to the conclusion that the Black Butte
Fault and Willows Fault system as proposed do not exist within 10 miles around
the dam. Small distinct and separate faults might exist further away.

With elimination of the Black Butte Fault and Willows Fault system near the
site, other sources were looked into. The tectonic capability of doubly
plunging anticlinal folds in the subsurface near the midvalley axis was
assessed. Possibly these folds are evidence for tectonic wedging and thrust
faulting at depth, but this evidence is hidden from view. No subsurface evi-
dence of faulting was found to account for a drag folding origin of the anti-
clines, and they have no selismogenic history.

Based on minor offsets along a few young Holocene terraces on a Stony Creek
Fault segment near Thomes Creek, 27 km from the dam, magnitude 6.5 was chosen
as the maximum (credible) event. The source is on the youngest segment of the
fault, as this is judged to be the only capable segment.

Because of the few number of earthquakes experienced and the limited historic
earthquake record in Glenn and Tehama Counties, calculating the exceedance
chance for the maximum event during the project 1life span becomes an academic
exercise, as does estimating earthquake recurrence levels. Instead, historic
experience in northern California, as a whole, indicates a local magnitude of
5-3/4 as the maximum event in areas away from the San Andreas Fault zone dur-
ing any 100-year period. Therefore, this level of magnitude is recommended to
be a substitute for a statistical event and to serve as the 100-year probable
earthquake. The source for this event is either near the Coast Ranges—Great
Valley contact or east of the Willows Fault that lies southeast of the dam,

vii




Guidance, opinion, and onsite review of the study were supplied by professional
peers Dr. Roy Shlemon and Mr. Alan L. 0'Neill. Conclusions arrived at in this
study have their concurrence. Based on the surface geology, including two
extensive undeformed Holocene terrace sequences and the subsurface strati-
graphy, capable faults were not found to exist near the dam. We recommend
exclusion of the Black Butte Fault and Willows Fault system from all future
design considerrtions.
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SECTION 1. INTRODUCTION

1.1 Authority. General earthquake risk and seismic hazard studies are
authorized under ER 1110-2-1806, dated 16 May 1983. The Sacramento District,
Corps of Engineers, requested this study by Memorandum of Understanding between
Seattle and Sacramento Districts dated 1 May 1984. This report was prepared

by Seattle District, Corps of Engineers, following guidelines of
ER 1110-2-1806.

1.2 Purpose. All dams constructed by Federal agencies are reviewed for their
performance based on current state—-of-the—art civil engineering design. This
review includes the reaction of the dam to seismic loading. The purpose of
this report is to document the results of evaluation of suspected faults cap-
able of generating earthquakes close to Black Butte Dam. 7The effects of close
“capable"” faults on the dam are reported in terms of seismic loading, stated
as maximum magnitude and distance between the source and the dam.

1.3 Previous Studies. The Sacramento District performed various earthquake
hazard and engineering studies for Black Butte Dam during 1982. These studies
and preliminary results from a dynamic analysis of Black Butte Dam are reported
in a series of in—house documents released in October 1983, Emerging from
those studies was a single design event with maximum magnitude of My = 6.0.

At the time of the study there was no clear consensus concerning activity on
nearby faults, thereby generating the prudent procedure of accepting the
moderate level earthquake on the closest fault and awaiting further confirma-
tion on that fault's existence. This magnitude 6.0 event was localized on the
contested Black Butte Fault producing a site acceleration of 0.45g.

1.4 Scope. This study assesses the capability of close faults, those known
to the Corps of Engineers as well as those implied by others. The study
included a review and summary of seismic history and a data catalogue. It
includes the results of a lineament analysis employing a study of remote sens-
ing and photogeologic imagery. It contains a regional structural analysis and
fault evaluation. This study relied heavily on relative age of morphostrati-~-
graphic units and landforms to evaluate Quaternary faulting near Black Butte
Dam (see Harwood and Helley, 1980; Harwood, 1983; Wentworth and Others, 1984a).
It includes a reconstruction of Quaternary tectonic history using field analy-
sis of geomorphic-stratigraphic landforms and units. Existing geologic liter-
ature and mapping was compiled and reviewed for a study area within a 50-mile
radius, centered on the dam.

1.5 1Investigation and Performance. Field geologic study was accomplished
during May through November 1984, 1This represents a 23-week, two man-day field
season, Field mapping of structure, stratigraphy, and morphostratigraphic
units was performed at a scale of 1:24,000 (1 inch = 2,000 feet) on six United
States Geological Survey (USGS) topographic quadrangle maps of the 7-1/2 minute
gseries, When possible, we employed fleld review and discussion with geologic
authorities. The study of geology and seismology around Black Butte Dam was
assisted by the following contracted services:
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o Northwest Geophysical Associates, Inc., 1984, Magnetic Modeling of Black
Butte Dam Report and supplemental letter, DACW-67-84-M-~1591, NCA.

o Endacott and Associates, 1984, Discussion and Results of Shallow Seismic
Reflection Surveys at Black Butte Dam - Technical letter with time sections,
DACW~76~-84-M-1417,

o Harlan Miller Tait, 1984, Imagery and Photogeologic Analysis of Major
Faults, Black Butte Dam, Orland, California Report, DACW-677-84-0048, HMT,

Guidance, opinion, and onsite review of the study problems were supplied by
professional peers Dr. Roy J. Shlemon and Mr. Alan L, O'Neill, We gratefully
acknowledge their contribution to the study. Shell Exploration Limited and
other oil exploration concerns supplied valuable information and conversation
about the acoustical subsurface character in the study area.

1.6 Project Description (see location and vicinity map on figure 1-1). Black
Butte Dam, a flood control and water conservation structure, is located on
Stony Creek about 9 miles northwest of Orland, California. The project has a
gross pool capacity of 160,000 acre-feet, and was completed in 1963. This dam
is a zoned earthfill structure with a crest length of 2,970 feet, a crown width
of 20 feet, and a maximum height above streambed of 140 feet. The embankment
volume is approximately 2.6 million cubic yards (c.y.) and serves as a closure
to a wvater gap in Orland Buttes. Main project features are shown on figure
1-2, The embankment consists of a central impervious core, transition sec-
tions, pervious sections, and random rockfill sections. The embankment spans
across streambed alluvium to rock abutments. The core is founded on rock
through alluvium. Six earthfill dikes are located at various places around

the lake to contain the high pool. The outlet works are founded on and through
rock. The spillway 1s a broad-crested, unlined channel cut into rock.
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SECTION 2, GEQLOGY

2.1 Geologic Setting. Northern California is divisible into geologic provin-
ces that are clearly marked by differences in morphology, geologic structure,
and stratigraphy (see figure 2-1). The project is located in the northern
Sacramento Valley portion of the ureat Valley (GV) Province. Mountain provin-
ces surround the Black Butte study area. To the north are the Klamath Mount-~
ains, to the west and southwest are the Coast Ranges, to the north and east is
the Cascade Range, and to the east is the Sierra Nevada Range.

a. Sacramento Valley. The Sacramento Valley is in the northern part of
the Great Valley of California; a nearly flat alluvial plain extending south
some 450 miles from the Klamath Mountains on the north. The valley width of
50 miles is seldom broken in its featureless profile, The only elevations of
prominence on the valley floor are Marysville (Sutter) Buttes, a Pliocene
volcanic plug, and the Dunnigan Hills, a Pliocene sedimentary heap. The Ceno~
zoic sediments and volcanics rests atop the Great Valley Sequence. The sub-
surface of the valley is a geosynclinal east-west-trending warp with a north-
south-trending deep fold axis along the western valley edge.

b. Coast Ranges., West of the Great Valley are many mountain masses
juxtaposed by northwest-trending strike-slip faults. Two principal core
complexes are present in these mountains: Jurassic-Cretaceous eugeosynclinal
assemblages (Franciscan) and Early Cretaceous granitic and metamorphic rocks.
The two are not related. The Coast Ranges are structurally complicated, owing
their existence to plate collision and transform movement throughout their

history.

c¢. Klamath Mountains, The Klamath Mountains consist predominantly of
marine arc-related volcanic and sedimentary rocks of Paleozoic and Mesozoic
ages, Ultramafic and ophiolitic rocks are also important rock types. Many
areas of the Klamath Mountains are intruded by Jurassic granitic plutons.
Rocks of the Klamath Mountains are not exposed in the project area; however,
they were a source of detritus for the Great Valley Sequence.

d. Cascade Range. In the northeasternmost part of California and extend-
ing into Oregon and Washington is the Cascade Range (including the Modoc
Plateau). The dominance of Pleistocene/Holocene constructional volcanic land-
forms and block faulted basins characterizes this region.

e. Sierra Nevada. Along the eastern edge of California's Great Valley is
a huge batholithic landmass and thick sequence of Upper Paleozoic volcanic
strata. Old island arcs thrust onto a Paleozoic continental margin were
heavily intruded and plutonized through a Mesozoic Era plate collision. The
Sierra Nevada core resulted as an elongate block of crust. Later this block
broke free along its eastern edge and rose upwards thousands of feet tilting
westward and forming this dominant mountain range on California's landscape.
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f. San Andreas Fault. In California, faults are numerous, but their hazard
varies according to location. With the exception of the Great Valley and the
San Andreas (SA) fault zone, provinces surrounding Black Butte Dam have no
overwhelming influence on seismic hazard at Black Butte Dam.

The San Andreas Fault is California‘'s most spectacular and best known plate
border. The San Andreas Fault zone has had a series of large recurring earth-
quakes. This fault strikes N350 W along the western flank of the Coast

Ranges in nearly a straight line. Extending southward from Cape Mendocino, it
has 650 miles of continuous length. The main San Andreas Fault lies within
125 miles of the dam. Inland from the fault is a zome of sympathetic shearing
and faulting that mimics the San Andreas trend. The sympathetic faults of the
San Andreas lie as close as 57 miles west of Black Butte Dam.

2.2 Regional Geology. Quaternary geology and lineaments were compiled on a
1:100,000 scale base map shown as plate 1. The stratigraphy, morphology, and
structure within 50 miles of Black Butte Dam were compiled on portions of three
State of California 1:250,000 scale geologic maps. Figure Z-2 serves as an
index to geologic maps on plates 2, 3, and 4. Figure 2-2 also provides a key
to nine maps in the pocket showing more detailed geologic mapping.

2.2.1 Pre-Quaternary Stratigraphy. Figure 2-3 accompanies this discussion of
stratigraphy. Also refer to plates 2 through 6. Pre-Quaternary stratigraphy
1s extensively discussed in appendix B, and should be consulted for a better
understanding of the stratigraphic section and stratigraphy identified on the
figures and plates. Northern Sacramento Valley stratigraphy represents depo-
sition on an emerging crystalline continental margin. Successions of turbi-
dites, shelf deposits, shallow marine, and subaerial deposits are present
throughout the valley. Sedimentary deposits overlie a basement consisting of
dowrmr-thrusted Franciscan Complex and ophiolites in the west and Sierran grano-
diorites and Paleozoic metasedimentary strata in the east.

a. The rocks overlying the basement are thick units known as the Great
Valley Sequence (up to 24,000 feet thick). Generally the Great Valley
Sequence is divided into three series: Knoxville series (Jurassic), Shasta
series (Lower Cretaceous), and Chico series (Upper Cretaceous). Each series
has several formations. In the project area the depth to basement is unknown.
The project and lake are located on top of exposures of the Chico series.
Formations present at the damsite include: Forbes mudstone, Dobbins shale,
and Guinda sandstone. On the lake shore Funks, Sites, Yolo, Venado, and Boxer
(Julian Rocks conglomerate and Clark Valley mudstone) Formations are present
in outcrop. Further east along Stony Creek the Lodoga Formation is present
(Shasta series).

b. A major erosional unconformity marks the toundary between the Creta-
ceous formations and overlying Tertiary deposits. This unconformity represents
a period of time in which a huge submarine valley (lower Princeton Submarine
Valley) was eroded into the Cretaceous units in the area of the present
Sacramento Valley (see figure 2-4),.
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c. Next group in overlying succession is the nonmarine group. An impor-
tant stratigraphy is the one which makes up the formidable buttes that the dam
closes at Stony Creek gap. This strata is a locally occurring series of vol-
canic sandstone, mudstone, and conglomerate capped with basalt. The Black
Butte Formation, as it is found at the buttes in Stony Creek gap, became host
to a thin basalt flow or canyon flow about 15 million years ago. The Lovejoy
basalt occurs sporadically throughout the valley in wells, presenting in sec-
tion a sinuous canyon-like nature to its occurrence.

d. Next in succession is the oldest alluvium, representing a flood of
clastic material occurring during the Pliocene that descended from the rising
western mountain masses.

Tehama Formation. 1In the greater project area, the Tehama Formation consists
of greenish gray, occasionally pale yellowish gray, sandy, tuffaceous silt-
stone, lenticular channelized interbeds of conglomerate and sandstone, and
locally abundant conglomerate beds. Where near the surface, the conglomerate
commonly takes on a bright red-brown color presumably due to weathering on the
surface of clasts and the matrix. Where the weathering is incomplete, the
conglomerate takes on a mottled appearance. This bright red-brown coloration
was also observed locally in conglomerate beds exposed at depth by larger
creeks west of the damsite and may represent buried geosoils (see glossary).
The Tehama Formation is moderately consolidated and usually uncemented. It
lies unconformably on all older formations and was deposited in a fluvial
environment of an ancestral (and similar) Sacramento Valley of low relief.

The Tehama deposits, derived from the Coast Ranges and Klamath Mountains, were
deposited along the west and north sides of this ancestral valley. The Tuscan
Formation deposits, derived from the Sierra Nevadas, are coeval with the
Tehama, and the two interfinger in the central area of the present Sacramento
Valley where they reach a thickness of over 2,000 feet. The Tehama Formation
in the general project area takes on the appearance of a large fan from ances—
tral Stony Creek. The north toe of the fan lies near Black Butte Dam 20-

25 miles to the south, the south toe lies about 1 mile east of Willows, and
the remnant apex lies aproximately 1 mile southeast of Julian Rocks. The
Tehama Formation is late Pliocene in age, bracketed by age dates of 3.4 million
years (Evernden and others, 1964) and 1.5 million years (Lydon, 1968) based on
fossil contents. The Tehama Formation is relatively thin west of the damsite
but thickens rapidly to the east.

Nomlaki Tuff Member., The Nomlaki Tuff Member is 10 to 50 feet thick and found
near the base of the Tehama Formation over a large area of the northwestern
Sacramento Valley. It is a dacite tuff, locally white, salmon pink, or light
gray, massive, and coarse grained. Age dates indicate this tuff is 3.4 million
years old. It 1is exposed consistently near the western margin of the valley
and throughout the mapped area of the Tehama Formation. In the course of this
study, presumably reworked Nomlaki Tuff was noted in wave cut exposures of the
Tehama Formation at Orland suttes Recreation Area. An additional exposure is
noted in the Black Butte Foundation Report (Corps of Engineers, 1983) between
the North and South Forks of Stony Creek (sec. 21, T. 22 N, R. 5 E.). These
occurrences verify the relatively thin cover of Tehama Formation and the shal-
low depth to Cretaceous rocks in this area.
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2.2.2 Quaternary Stratigraphy and Geomorphology.

a. General. The cycle of uplift, erosion, downwarping, and reestablish-
ment of ancient Sacramento River fluvial deposition, responsible for the depo-
sition of the Neroly and Tehama Formations, was operative at least twice in
the Quaternary. The Red Bluff Formation represents a Quaternary cycle and the
modern alluvium of the Sacramento River another. Erosion of Tehama and older
formations has been occurring along valley margins since early Quaternary time.
Through various base level ad justments, numerous morphostratigraphic surfaces
have developed along the Quaternary drainages. Modern stream locations are
similar in nature to paleo-drainages from the highland areas west of the proj-
ect. The last major sedimentary cycle (Tehama aggradation) has built an
extensive coalescing alluvial fan outward from the Coast Ranges. Erosion is
presently moving material down a slope of transportation. About 1.25 million
years ago, fluvial deposition ceased, perhaps resulting from a Pleistocene
orogeny west of the study area (Earth Sclences Associates (ESA), 1980; Steele,
1979, 1980; Harlan Miller Tait, 1983, 1984)., Between about 1.25 million and
0.5 million years ago, extemnsive "high terraces” were cut across and into the
Tehama Formation by ancestral drainages of Stony and Thomes Creeks and the
precursor of other east flowing streams.

b. Red Bluff Formation. The Red Bluff Formation consists of deposits
very similar to the Tehama Formation; however, the Red Bluff Formation is
generally of uniform deep brick-red color, much coarser, and contains less
rounded clasts. These features can usually be used to differentiate the form-
ations where both exist. The principal occurrence of the Red Bluff deposits
is north and northeast of the Black Butte Dam area. It reportedly attains a
thickness of 100 feet in the vicinity of Redding but rapidly thins to less
than 50 feet to the south (Anderson and Russell, 1939). South of the general
area of Sehorn Creek only remnant patches of Red Bluff deposits remain, and
they become mappably indistinguishable from similarly colored gravels of the
Tehama Formation. The Red Bluff deposits unconformably overlie the Tehama
Formation and the Cretaceous rocks where the Tehama is absent. The Red Bluff
was deposited on an erosional surface in an alluvial environment very similar
to that of the Tehama and Neroly Formations.

c. River Fluvial Terrace Systems. Between about 1.25 and 0.5 million
years ago and continuing to the present, an extensive terrace system has been
formed along major valley drainages. This system is composed of nested terrace
levels which are of regional extent and are mappable. Terrace levels were
developed in response to episodic base level lowering resulting mainly from
climatic changes (ESA, 1980; Huston, 1973; Steele, 1979; Harlan Miller Tait,
1984; and Shlemon, 1967a, 1984, Per. com,). Terrace levels, either cut or
fill surface, and extensive "high" surfaces are correlated along the Sacramento
Valley. They have been dated by assocfation with major climatic changes during
the Quaternary. Terrace levels are distinguished by morphology and are cali-
brated by soil stratigraphy to distinct time periods. These morphostrati-
graphic surfaces provide the best means of evaluating the history of folds and
taults mapped across these units. Maps 1 through 10 (in the pocket) indicate
that neither faults presently mapped or inferred by others, nor folds, or
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lineaments in the study area, have disturbed the units of age Q6 or less
(350,000 years before the present).

Morphostratigraphic Units. Ten years ago few engineering geologists under-
stood terms such as morphostratigraphic units, geosoils, or soil-stratigraphic
nomenclature; however, these terms have become the geologist's "clue kit” to
aid him in solving recent fault history and defining displacement when faults
lie across or underneath morphostratigraphic units. These terms are described
in the accompanying glossary. Morphostratigraphic units in the Black Butte
area are nested terrace levels continuous Lo downstream channel deposits
developed in the youngest prominent fan heads (Steele, 1980; Huston, 1973;
Shlemon, 1950U; Shlemon and Begg, 1972).

Along the eastern foothills of the northern Coast Ranges the basic geomorphic
process has been the development of a slope of transportation by dissection
and lowering of the Tehama surface, resulting in the exhumation of underlying
folded sedimentary rock. Resurrected strike valleys and thrust zones are
exposed in the area of a once existing alluvial plain (i.e., maximum aggrada-
tion of Tehama fans) lapping onto the mountain front. On this slope, pedo-—
logical profiles formed in the last 0.5 million years when given a stable land
surface, climate, and vegetation. Where there has been geomorphic stability
through time, distinct soil horizons have developed that can be measured and
described as stages of profile development. Along Stony Creek, zonal soils
develop genetic horizons (such as the argillic horizon) that allow excellent
resolution of chronological sequence. Parent material and relief influence
zonal soil formation, however, through time past, in California in general,
and in this study area, zonal soil formation processes have mostly been domi-
nated by climate and biological forces.

In the foothill region, parent material is of mixed mineralogy and has been
inplace for a long time. Materials from the original Coast Ranges source are
sedimentary, metasedimentary, and basic volcanic in origin. The oldest mate-
rials above bedrock are mixed texture alluvium and gravel channels present as
oldest alluvial fans. Remnants of channels are now exposed on high benches,
ridge lines, and side-hill terraces as caps (fragipan) containing gravel and
cobblestone. These near—level surfaces can be mistaken as "high terraces”
suggestive of braided channels on the oldest upland plain. In some instances,
as at sec 28, I. 24 N., R. 4 W., these channels are exposed in cuts as exhumed
gravel channels of the Tehcma. These channels have been weathered long enough
in time to develop an abrupt duripan.

Very often, recently exposed nonweathered Tehama materials contain gravel
channels that also have duricrust (calcrete and silcrete). O0ld coarse-
textured overwash fans form a: the base of secondary drainages dissecting the
upland surfaces. The largest ones are seen in poorly sorted material exposed
through incision of Thomes and Stony Creeks. Moderately old gravelly alluvium
has been deposited on alluvial fans by local intermittent streams draining the
old alluvium of the foothills. There, surfaces are moderately to deeply
weathered. Moderately old sedimentary alluvium has been deposited from inter-
mittent streams draining the exhumed strike valley and older, fine-grained fan
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materials. Younger alluvium (but older than recent flood plain) has been
deposited by Stony Creek as flood plain and coarse fan head gravel channels
due to changing base levels because of shifting basins in the lower reaches.
Recent alluvium is varied-texture channel sand and gravel and recent flood
plain sediments laid down by Stony and Thomes Creeks.

Soil Stratigraphy. Fine tuned division of the Quaternary is most often related
to worldwide climatic change and the accompanying alternation of vegetation,
sedimentation, and hydraulic regime. These are, in turn, related to inter-
glacial and interstadial epochs. Most fluvial sediments in the Central Valley
were laid down during glacial/pluvial time, and most soil formation occurred
during preceding and following interglacial and interstadial epochs. On any
stable geomorphic surface, exemplified by terraces flanking Stony and Thomes
Creeks, soil profile began to form. With the passage of time, distinct hori-
zons slowly formed and, based on physical and chemical characteristics, can be
qualitatively distinguished by relative degree of soil profile development:
(1) minimal (slight), (2) medial (moderate), and (3) maximal (strong) (Begg
1968, Gowan, 1967). Relative sofl profile development can be calibrated to
epochs of Quaternary climatic change by association with oxygen isotope chron-
ology. Figure 2-5 shows relative soil profile; schematically mapped soil
series particularly applicable to the study area are shown on table 2-1. They
are distinguished mainly by relative development of the B2t (argillic) horizon
and are divisible into subcategories by differences in parent material and
texture.

Units. 1In this study, the major "intermediate” and "low" terrace levels are
designated from younger to older as morphostratigraphic units Ql through Q6.
The use and application of the concept of morphostratigraphic units follows
the approach discussed in detail in Harlan Miller Tait (1983, pages 37 to 43).
The lowermost four or five terraces are correlative to the Modesto and River-
bank Formations of the northeastern San Joaquin Valley (Davis and others,
1959). These formations were extended to the southeastern Sacramento Valley
(Shlemon, 1967b; 1Y72), and later to the western and northern Sacramento Valley
(Harwood and others, 1Y80; Helley and others, 1981; Helley and Jaworowski,
1985). Steele similarly recognized terraces in the study area, naming them
after soils series forming on them, e.g., Orland, Yolo, Arbuckle, Perking ter-
races (Steele, 1980, p. 18).

Many minor discontinuous intermediate units are also preserved in the study
area but have been identified only locally by observation in the areas.
Detailed field checking of morphostratigraphic units was conducted on Stony
Creek and Walker Creek. Reconnaissance checking was performed on Thomes Creek.

Channels. Units Ql through Q5 have equivalent age channels associated with

Stony Creek, downstream from Black Butte Dam. These channels were field mapped

in this study using prior mapping by Shlemon, et al. (1976). The channels
reflect the migration of Stony Creek across its fan., Soils developed on mor-~
phostratigraphic units Ql through Q5 are of the same pedological development
as those developed on equivalent-age channels Cl through C5.
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RELATIVE SOIL PROFILE DEVELOPMENT

STEADY

| MAXIMAL DEV. OLD SOIL

_MEDIAL DEV.

- MINIMUM DEV. YOUNG SOIL

RELATIVE DEVELOPMENT

TIME —————

Typical development of soil groups and profiles in the study area

SUBGROUD PROFILE DEVELOPMENT
Typic Xerofluvents Ap-C1-2C2 Minimal
Typic Xerothent Cl-Cl0I11cC3 Minimal
Typic Haploxeralfs Ap-Al2-Blt-B2t Minimal
Typic Haploxeralfs Ap-Blt-B21t-BE22t-B3tca-Clca Medial
Typic Palexeralfs 01-A1-A3-B21t~B22t-B3t-Cl Maxima.
Typic Palexeralfs Ap-Al-A3-vit-B2t-B3lt-bs.. Maximal

Abruptic Durixeralfs Al-A3-B21t-B22qm-Cml-Cm2 Maximal

Subordinate Distinctions

a-accumulation

carbonates
q-accumulation
t-accumulation

Classification after Begg (1968) and clay

Cowans (1967). x-fragipan character

p-plowed

m-Cementation or induration

of

of silica
of silicate

SOIL DEVELOPMENT IN STUDY AREA | FIG. 2-5
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TABLE 2-1

SOILS OF THE SACRAMENTO VALLEY APPLICABLE TO
BLACK BUTTE DAM STUDY AREA

Soil (1) Soil Parent Argillic Youngest (2)
Texture Series Material Development  Pan Scborder State Age

Coarse Cortina Coarse Minimal None Typic Xerofluvents Modern
Textured Textured
Soils Recent

Alluvium

Arbuckle Gravelly or Minimal None Typic Haploxeralfs 10,000
Cobbley
Alluvium

et = e = = = - = = = - — i+ o o = = T S = = . = s = - 8 = = e = " " " = " 4 = e o T S i 8 o oy v =

Perkins Gravelly or Medial None to Mollic Haploxeralfs 125,000
Cobbley Clay
i Alluvium

} Corning Gravelly or Maximal Clay Typic Palexeralfs 125,000
Cobbley

Alluvium

01d Terrace

e 4 T s > . 2 T T L " . L S "\ o b T o i " — — T T > " > - - -

Medium Orland Flood Plain Minimal None Typic Xerorthents Modern
Textures Outwash from
" Soils Sedimentary
Rocks
Wyo Sedimentary Minimal None Mollic Haploxeralfs 10,000
! Alluvium
Tehama 01d Alluvial Medial None Typic Haploxeralfs 10,000
Fans
! Hillgate Old Fans and Maximal None to Typic Haploxeralfs 125,000
Low Terraces Clay Pan
Fine Yolo Recent Minimal None Mollic Haploxeralfs 10,000
Textured Alluvium of
Soils Sandstone
Zamora Mixed Allu- Minimal None Typic Haploxeralfs 10,000
vium on

Alluvial Fans

Kimball Terraces Maximal None Mollic Haploxeralfs 125,000
L e e e e et e Y
Cemented  Moda Fine Grained Maximal Iron- Abruptic Durixeralfs 125,000
v Snils Alluvium Silica
Redding Gravelly or Maximal Iron- Abruptic Durixeralfs 250,000
Cobbley Silica
Alluvium
Red Bluff Old Fans Maximal Iron- Abruptic Durixeralfs 250,000
Silica
- f1) Soil series after Begg (1968) and Gowans (1967),

(7) Fstimated minimal ages after ESA (1980); Harlan Miller Tait (1984); Shlemon and
Begg (1972); and Steele (1979).
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Ql - This unit consists of the youngest topographically low fill deposit,
probably less than 10,000 to 12,000 years old, associated with all the larger
drainages in the study area. It includes the active channel and flood plain,
the first emergent terrace, which 1s probably alluvial land and of essentially
modern soils, including Orland, Yolo and Cortina.

Q2 - This unit consists of the first preserved "low” terrace remnants above
the active channel and flood plain., It is discontinuous but locally present
along most major drainages and locally is more extensive than Q3. Unit Q2 is
generally used for row-crop agriculture and is characterized by soils less
than 10,000 years old, including Zamora, Wyo, and Cortina.

Q3 - This unit consists generally of the most extensive “low” terrace rem-
nants present along most major drainages. It is best preserved on the north
side of Thomes Creek. It is locally covered by a thin veneer of young alluvial
fan deposits from ad jacent sidestreams graded to its surface. Q3 is generally
used for row-crop agriculture, but where uncleared is sparsely tree covered.
1t is characterized by minimally to medially developed soils, approximately
35,000 to 50,000 years old, including Arbuckle, Tehama, and Pleasanton soils.

Q4 - This is locally the most prominent unit in the study area associated
with the present drainage system, although it is less prominent in this area
than in the northernmost Sacramento Valley. It is generally the most continu-
ous and widest unit, and extends up larger tributary drainages. It may have a
distinct hummocky micro-relief, but in the study area it seldom displays this
character. 1t is best preserved on the north side of Thomes Creek. It is
locally covered by a thin veneer of young alluvial fan deposits from adjacent
sidestreams graded to its surface.

Unit Q4 has moderate relief and is slightly dissected. It characteristic-
ally has more minor, discontinuous, intermediate levels than others, particu-
larly on the outside of Q4 age meanders, and locally preserves remnants of now
abandoned drainage networks related to its formation. Intermediate levels imn
these areas include some slightly higher and older and some slightly lower and
younger than Q4. Q4 is generally used for pasture, crops, and range, and where
uncleared 1s sparsely to moderately tree covered. It is characterized by
medially developed soils approximately 80,000 to 125,000 years old, including
the Hillgate, Arbuckle, Tehama, Perkins, and young Kimball soils in the study
area,

Q5 -~ This unit consists of remnants of the first “intermediate” terrace
level preserved in the study area. 1t is generally moderately dissected with
moderate relief and is generally narrower and less continuous than Q4. Q5
remnants usually have a distinct hummocky micro-relief on Corning soils;
otherwise micro-relief is seldom seen on Q5 in the study area.

Unit (5 is generally used for pasture and range, with vegetation consist-
ing of annual grasses and forbs and scattered to locally abundant trees. 1t
is characterized by maximally developed sofls or equivalent surfaces approxi-
mately 200,000 to 250,000 years old developed on sediments greater than 250,000
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to 300,000 years old. Commonly associated soils include the Perkins, Red
Bluff, Kimball, and Corning in the study area.

Qb - This unit consists of remnants of a second, topographically higher
"intermediate” terrace. It generally is moderately dissected with undisturbed
remnants typified by distinct hummocky micro-relief and is somewhat narrower
and less continuous than Q5. However, it is readily differentiated from Q5
and occurs along most major drainages in the study area.

Unit Q6 is generally used for pasture and range, with vegetation consist-
ing of annual grasses and forbs with scattered to locally abundant trees. It
is characterized by maximally developed soils or equivalent surfaces approxi-
mately 300,000 to 350,000 years old. Commonly associated soils are the
Redding-Newville and Corning in the area of study.

Red Bluff Pediment/Redding High Flood Plain. The term "Redding High Flood
Plain” was coined by Steele (1979) to designate the highest continuous, gener-
ally gently eastward-sloping surface preserved in the northern Sacramento
Valley west of the Sacramento River. The name "Redding” was derived from the
extensive soils series of that name mapped on several high-level geomorphic
surfaces in Glenn, Tehama, and Shasta Counties (Begg, 1968; Gowans, 1967;
Klassen and Ellison, 1974), These surfaces were inferred by Steele to repre-
sent a once continuous, regionally extensive high erosion surface, or pediment,
cut across the Plio-Pleistocene Tehama and Pleistocene Red Bluff Formations.
llelley and others (1981) included the "Redding High Flood Plain” in the Red
Bluff Formation, which they interpreted as a large, dissected alluvial fan
which truncated the Tehama Formation as a pediment. More recently, Helley and
Jaworowski (1985) referred to the surface as "Red Bluff Pediment”.

Prior to Steele (1980), Begg (1968) postulated that the oldest fans in the
study area were uplifted by tectonic action and subsequently dissected by Stony
Creek leaving many disconnected terrace remnants. Steele (1980) attempted to
reconstruct the predissected surface of the "Redding High Flood Plain"” by
drawing generalized contours connecting points of equal elevation on surface
remnants. The resultant contour pattern displayed several localized deflec—
tions which were postulated by Steele to reflect tectonics within the last

1.25 million years. Helley and Jaworowski produced a Red Bluff age contour

map in the study area just south and east of Black Butte Dam (Fruto N.E. quad-
rangle map) that shows a small east~west-trending dome in the area between
Wilson Creek on the south and South Fork Walker Creek on the north. This small
structure is one of several east-west-trending folds that their contour mapping
suggests along the west side of the valley.

The concept that a once continuous, regionally extensive high erosion surface
existed throughout much of the study area and entire Sacramento Valley is
intriguing and, if true, would provide one method to evaluate recent tectonics.
However, detailed photointerpretation, field mapping, and geomorphic inter-
pretation of published soil surveys conducted as part of the Cottonwood Creek
project study (Harlan Miller Tait, 1983) and this study indicate that the
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highest surfaces preserved in the study area are not remnants of a once con~
tinuous, regionally extensive “"flood plain” or pediment. Flood plain may be
an incorrect usage of the term, as is pediment, for anything other than a con~
structional slope. Begg (1968) used alluvial plain; although the Tehama Form-—
ation might have fit this concept once, perhaps coalescing in a large semiuni-
fied "surface”, individual fan surfaces in the formation were probably never
regionally continuous. In fact, present remnants of the many high surfaces
are representative of distinct fan levels localized by gaps in folded sedimen-
tary bench land. Terraces were cut across and into the Tehama Formation in
early Quaternary time between about 1.25 and 0.5 million years ago by ancestral
drainages of Thomes Creek and Stony Creek and by precursors of many other east
flowing streams in the northwestern Sacramento Valley. They became regionally
graded to the ancestral Sacramento River. Figure 2-6 illustrates the maximum
aggradation of Tehama fans and the onset of dissection by ancestral Stony and
Thomes Creeks.

A further examination of the pediment concept is warranted. A pediment is a
gently inclined plane (typically 1 percent in the southwestern United States)
at the foot of a mountain front. It is formed by degradation and retreat of
the mountain front, the headward source of sediments., The upper erosion sur-
face is thinly veneered with alluvium while at the toe a greatly thickening
wedge of clastic is graded to a closed basin or a through-going stream. The
outermost zone of aggradation encroaches on the thin veneer or pediment by
building of alluvium (Easterbrook, 196Y). ~Pediments are dissected by changes
in base levels. The Black Butte area does not fit the description of an
undissected pediment as illustrated by figure 2-7.

North of Stony Creek (off of figure 2-7) the Tehama and Red Bluff overlie the
bedrock wholly as a zone of aggradation. Thin wedges exist at Table Mountain,
elevation 1,100 feet, where the Tehama is presumably the thinnest, but the
wedge thickens rapidly eastward to more than 600 feet and persists for 3 miles
west. (Table Mountain, sec. 25, T. 26 N., R. 5 W., to Occidental Petroleum
Harris 9811 No. 1., sec. 23, T. 26 N., R. 5 W.).

The section sketch in figure 2~7 is south of Stony Creek across T. 21 N., R. 6
to 3 W. down the regional slope. For the section shown, the upper slope is
greater than 100 feet per mile; somewhat more than 50 feet per mile is typical
of southwest pediments. Since the Tehama dips at 2 degrees (250 feet/mile),
this is not the original constructional slope but rather an adjusted slope
reflecting degradation and/or slight regional tilting. Field evidence suggests
that in places more than 80 feet of thick clastic wedges of Tehama exist on
the higher slope areas, not suggestive of a veneer. Many areas in the Fruto
and Stone Valley quadrangles contain outcrop and subcrop of Nomlaki Tuff, sug-
gesting that the Tehama has been eroded to near the base of the formation.

The lower fan area has intact Q5 and younger units as do the upper fan heads
and subseyuent valleys, suggesting that this is a 100- to 250-million-year-old
surface at the oldest. We found no "high" terraces on Worthington Ranch
(Fruto N.E. northern half). The Tehama is 600 feet thick at Worthingtom 0il
Well (sec. 33, T. 24 N., R, 4 W,) indicating that this area could have been a
consequent breach in the bedrock bench land probably serving to localize the
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folded sedimentary rock forms ridgelines. Breached by erosion
during an older cycle, ridgelines form benches that stand

topographically higher than fan surfaces.

As presently occurring near Shéep
Mountain, Wyoming, breached ridgelines
w serve to localize new fan heads. Toe
J areas of the fans tend to coalesce into

a semiunified alluvial plain.

AGGRADATION OF TEHAMA FAN SURFACE FIG. 2-6
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DISSECTION OF TEHAMA FAN SURFACE
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Tehama fan at the gap during its beginning. For at least the last 0.5 million
years there have been adjustments in slope profile to a new base level of the
Sacramento River. No evidence of the former regional alluvial plain exists.
The remnant "high" surfaces mapped by Steele (1980) and Helley and Jaworowski
(1985) include morphostratigraphic units Q5, Q6, and older than Q6. Because
the remnant highest surfaces in the study area represent at least several dis-
tinct terraces formed at differing times and at different elevations, the sur-
faces cannot be meaningfully contoured. Localized deflections in any resultant
contour pattern cannot, therefore, be necessarily inferred to reflect late
Quaternary tectonism,

d. Recent Deposits. Alluvial deposits in the study area, present in
nearly all stream valleys, consist principally of materiai ranging from silt
to gravel. Clay and boulders are rare. These materials have been derived
locally from the Great Valley Sequence rocks, the Tehama Formation, and the
Franciscan Complex. Thickness of the alluvium is quite variable but probably
does not exceed 40 feet. Exposure of bedrock in creek bottoms is not common,
while thickness of alluvium at the damsite is approximately 20 feet. Col-
luvial slopewash commonly interfingers with alluvium at the base of slopes and
frequently is found as a wedge of material onlapping the morphostratigraphic
surfaces. Minor alluvial fans typically are found where small intermittent
creeks discharge onto the morphostratigraphic surfaces. Landslides in the
study area are prominent on the west side of Orland Buttes as earth flows in
the talus and underlying residuum below the steep basalt cliffs. Very few
landslides were noted in the Great Valley Sequence rocks, and those were minor.

2.2,3 Structure. The geologic structure of the region is dominated by north-
to northwest-trending folds and faults resulting from synclinal collapse of
the Great Valley in Late Cretaceous time. Development of northeast, north-
west, and east—-west structures continued throughout Tertiary time. The
dominant north-northwest-trending Willows Fault system proposed by Harwood and
Helley (1982) is not supported by convincing evidence. Moreover, the absence
of such a system is supported by data developed during this study.

a. General. In the area studied, structures are grouped as to their form
(faults or folds). Just after or during the time of accretion of the volcanic
arc and forearc basin to the continent, the Coast Range Complex thrust east-
ward under the Great Valley sequence. Thereafter, additional crustal
shortening occurred.

folds and faults resulting from crustal shortening and the synclinal collapse
of the Great Valley are the largest dominant structures. Later northwest,
northeast, and east-west oriented faults occurred resulting from the change in
stress field during the end of continental accretion and synclinal collapse,
approximately 3 million years ago. There is no convincing evidence for a
large branching northwest fault system in the area.
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b.  Folds, Domes, and Arches (Plate 3).

Red Bluft Arch, This structural feature is a northeast-trending anticline
locat ed midway between Cottonwood Creek and the town of Red Bluff. The Red
Bluff arch lies about 40 miles northeast of Black Butte Dam., The fold has
been the subject of several studies; the most recent by Harlan Miller Tait
(1903, 1984). This arch {s underlain by the Tehama Formation and is capped by
the Red Bluff Formation. Several levels of Q5 terrace on the arch flanks
dppear to be tilted and the region is believed to have undergone some tectonic
instability about 250,000 to 300,000 years ago.

Lorning Domes. Corning North and South Domes and Corning Dome are located in
Tehama County along a north-south trend l-mile east of Corning. They are
north~trending anticlinal features defined in the subsurface. Prominent hills
lie on the crest and western flank of the buried structure on an otherwise
flat plain. This topographic and geomorphic expression drew initial geologic
investigation to the area for exploration of gas deposits. After gas dis-
covery, the anticlines became better defined and remain as longtime recognized
structural features. Some over steepened stream gradients are present over
the general area of the anticlines., Additional evidence from Plio-Pleistocene
gas stratigraphic markers suggest early Cenozoic tectonic folding. Some
investigators suggest that the presence of Red Bluff gravel on the flanks and
Tehama-Tuscan Formation at the crest of the topographic hills indicates post=~
Red Bluff folding (within the last 0.5 million years, Harwood and Helley,
1982). However, the distribution of these deposits does not correspond with
the location of the subsurface structural axial fold plane (see figure 2-8).
Stratigraphic closure within the Tehama gas sand (unit 3) ranges from 300 feet
in the north to 50 feet in the south (California Division Mines and Geological
Builetin 181). This sand is about 200 feet above the Upper Cretaceous Forbes
contact with the Kione Formation. The north dome is separated from the south
dome by a high angle, northwest-trending fault. Harwood and Helley (1Y82)
cite well log data, earthquake pattern recognized by Marks and Lindh (1978),
surficial mapping, and seismic reflection work by Seisdata as evidence that
the Corning Dome (and Greenwood anticline, see paragraph below) was formed by
east side up drag on a north~trending fault., Based on studies reported in the
geophysics section (paragraph 2.4), the evidence cited for drag folding through
faulting is far from conclusive. Well location on the domes/folds is orderly
and spacially distributed with even density. In the area of the suspected
fault, no wells exist, Closest wells are 3 miles west of the dome. The
earthquake pattern shown by Marks and Lindh (1978) s 10 miles east of Willows
(near Glenn) and considerably south of structures discussed. The Seisdata
lines examined by this study had considerable data dropout along the Inter-
state (I) 5 corridor, and very poor geophone coverage adjacent to structures.
We were not able to confidently define structure along the I~5 corridor. This
area is believed to correspond to the map location of Harwood and Helley's
(1982) Corning Fault.

Multiple oil company proprietary seismic lines examined during this study,
private discussion with oll companies, and discussions of others' work indicate
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faulting along the flanks of folds is equally northeast as well as northwest
in trends. North-south trends are generally minor. State of California Bul-
letin 181 and other oil and gas journals also indicate similar faulting in
published maps of the gas fields. Furthermore, faults indicated on time sec-
tions are not spacially alined to indicate through-going trends. At best we
can speculate on an anastomosing subsurface pattern.

Greenwood and Willows Anticlines. The Greenwood anticline is a minor north-
trending fold (Harwood and Helley, 1982). The fold area is shown in figure
2-9, We interpret the fold to be a northwest continuation of the adjacent
Willows~Beehive Bend anticline lying to the south and east. The western flank
of the Willows anticline is truncated by the Willows Fault. Alkire (1968)
suggests this fault terminates at Artois and is one of many cutting the general
Willows anticline, both along northwest and northeast trends. Harwood and
Helley (1982) do not indicate these faults on their illustrations; however,
they continue the Willows Fault beyond Artois and suggest a genetic relation-
ship between the folds and the fault. Stratigraphic producers in the Willows,
Artois, and Ore Bend fields are within the Kione or Forbes Formation. A lack
of Tehama production is noted because of either the absence of the Tehama gas
sand or no deformation in the Tehama. We believe that seismic lines indicate
the Tehama to be undeformed throughout most of its section. As shown on
figure 2~9, C3 and C5 channels lie across the suspected fault and fold trends
in the Greenwood anticline (see also map 9). Both channels are undisturbed in
topographic profile across the fold. Thus there has been no deformation in
this section for the last 250,000 years.

Sites Anticline. The Great Valley sedimentary bedrock forms a broad synclinal
structure with large folds superimposed on the west limb. The Sites anticline
and Fruto syncline are two such folds (figure 2-10). The Sites anticline is a
flexure named by Kirby (1943). The 35-mile-long fold is a tight, near vertical
isoclinal fold structure about 3 miles east of the Fruto syncline. There 1is
evidence to suggest that the Sites anticline is a decollement fold detached
from a subregional basement structure by the Sites thrust fault. The section
on geophysics (paragraph 2.4) develops the Sites thrust in more detail. The
anticline is asymmetric with a steep axial plane, and the east limb is slightly
overturned. The west limb rapidly flattens into the Fruto syncline. The axial
plane of the fold dips steeply east and generally corresponds with a reverse
fault, east side down. This fault appears at depth to be a listric surface
that roots into a sole thrust at a depth of about 12,000 feet. This is easily
seen in cross sections developed and presented in the geophysics section (2.4).
The anticline strikes with excellent exposure up the west side of the valley
foothills from Sites for over 10 miles to the vicinity of White Cabin Creek

and French Camp (Fruto N.E. quadrangle) where the bedrock disappears beneath
the Tehama Formation. Kirby (1943) surmises that either the anticline bent
westward to blend into the Paskenta nose or continued north toward the reser-
voir area of Black Butte. Several seismic reflection lines crossing the north
reservoir area and Walker Creek area do not reveal the continuation of the
Sites Anticline northward along axial strike. Chuber (1961) mapped multiple
southeast-trending, high angle faults that parallel the dominant northwest
trend to drainage of creeks in the Fruto N.E. area. These faults sometimes
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offset the axial plane of the fold. Limited exposure of beds at the head of

White Cabin Creek are warped westward and suggest that the Paskenta nose is a
continuation of the Sites anticline, possibly offset eastward by high angle,

lateral slip faulting.

Fruto Syncline. The Fruto Syncline is a double plunging fold with a locally
steeper west limb. The syncline axis is 3 miles west of the Sites Anticline
axis. The fold is approximately 30 miles long. The syncline has several
shallow, minor northwest-trending faults disrupting the east limb. High angle
northeast and northwest faults are present in individual formation members on
the west limb.

Chico Monocline. Along the eastern foothills a remarkable northwest-trending

linear feature defines the valley edge. This feature is the Chico Monocline.
The structure is a west-dipping monoclinal fold in the Pliocene Tuscan Forma-
tion and underlying the Great Valley Sequence. Harwood and Helley (1982)
interpret the structure as indicating that beneath the monocline exists a
steeply east dipping reverse fault in the basement. Magnetic data, inter-
preted by Griscom (1973) through modeling, indicate that the fault separates
ophiolite from Sierran basement at depth. The existence of earthquake
epicenters coinciding with the trace of ground expression suggests a near
vertical or slightly west dipping fault (Marks and Lindh, 1978). 1t appears
that the Chico Monocline has been active during the last 1 million years.

c. Faults.

Coast Range Thrust., The Coast Range Thrust has been described as a prominent

thrust of considerable magnitude. 1n regional expression the Coast Range
Thrust is a sinuous contact between the Great Valley Sequence and the
ophiolitic and Frauciscan rocks or the sporadic ultramafic sheet that lies
between. Bailey and others (1970) considered the thrust to be separate
allochthonous tectonic blocks carrying the Great Valley Sequence over the
Franciscan assemblage. Maxwell (1974), Raney (1976), and Suppe (1979) have
argued that the Coast Range Thrust separates paraautochthons, preferring to
have the foreland of Franciscan Complex rocks dive or wedge under the Great
Valley Sequence in subduction-like response to a compressional collision. In
the present environment of north/south compression, past compressional struc-
tures which are presently nonsynchronous with contemporary stress have little
bearing for neotectonic response. Harlan Miller Tait (1983) and ESA (1980)
reports deal thoroughly with the Coast Range Thrust. Trenching by ESA (1980)
indicated no activity along this fault since the Pliocene.

Stony Creek Fault. The Stony Creek Fault is treated in this study as the

Great Valley/Ophiolite contact located in the western part of the study area.
1t extends from the Coastal Range Thrust in the vicinity of the Elder Creek
fault zone on the north, southward beyond Glenn and Colusa counties. Multiple
studies of this fault have been conducted.}/ They have considered the

1/irwin (1966); Kirby (1943); Jennings and Strand (1960); Strand (1962);
Chuber (1961); Brown (1964); Fritz (1975); Raney (1976).
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contact as being (1) normal depositional in nature, (2) depositional but
faulted, or (3) wholly faulted, a large spectrum for any structure. ESA
(1980) examined the Stony Creek Fault contact through its extent during a
study for the Glenn Reservoir Complex. They concluded that the configuration
of the Stony Creek Fault can be characterized as high angle, exhibiting both
normal and reverse motion locally, with the west side (ophiolite) moving up to
produce the present configuration of the mountain front. The fault represents
shearing along a preexisting depositional contact and is composed of multiple
segments., ESA and the State of California Department of Water Resources (DWR)
investigated terrace deposits located along Stony Creek Fault, although the
latter agency's study was more of a review of the former's work. Taken in
totality, Quaternary terrace sequences indicate vertical movements on a seg-
ment of the Stony Creek Fault near Thomes Creek occurred between 30,000 and
130,000 years ago (ESA, 1980). Southern areas of the fault seem tc have been
inactive for 250,000 years. DWR does not support younger movement at Thomes
Creek.

Battle Creek Fault. This fault has been the subject of analysis by Harlan
Miller Tait (1983) for Corps of Engineers, and information is drawn from that
study and from Helley, et al. (1980). The Battle Creek Fault zone is the name
given by Harwood and others (1980) to the approximately N. 700 E, to east-
trending fault zone on the northwest side of Battle Creek. The fault 2zone
extends from east of the Sacramento River near Balls Ferry Bridge northeast
toward Lassen Peak for a distance of 35 kilometers (km). It is projected west
of the Sacramento River as a lineament. East of the Sacramento River, the
Battle Creek Fault is roughly coincident with Battle Creek and forms a promi-
nent escarpment. Vertical offsets progress from 200-foot offsets in broken
Quaternary alluvial fans near the Sacramento River to 1,400-foot offsets in
Cascade volcanic units. These volcanic units are approximately 0.5 million
years old. The Battle Creek Fault is less well defined in the younger sedi-
ments of the northern Sacramento Valley west of the Sacramento River. The
fault is questionably extended towards Sulphur Springs near the Coast Ranges/
Klamath province on the basis of weak expression by gravity and magnetics.
Surface lineaments and some disturbance in Upper Cretaceous basement contours
reinforce the fault extension. Harlan Miller Tait {(1983) feels there has not
been measurable faulting younger than morphostratigraphic unit Q6 southwest of
the Sacramento River. This is in conflict with Harwood et al. (1983) who
speculate movement more recent than 130,000 years. Seismic reflection data
confirms the existence of the Battle Creek Fault zone in the subsurface at
least at one point (see Harlan Miller Tait, 1984, page 12). The sense of
movement on this line is down to the south as indicated on the records pub-
lished in the above-cited report. Harlan Miller Tait (1984) believe a
0.5-million-year age for last fault movement is correct because the fault does
not penetrate strata 0.5 million years old.

Red Bluff Fault. The Red Bluff Fault is the southernmost of a series of east-
northeast alined faults in the northeastern corner of the Sacramento Valley.
The Red Bluff Fault is a buried feature corresponding to the linear magnetic
gradient that terminates the north end of the Great Valley magnetic high.
Jennings (1977) and Steele (1979), each citing Madsen and Johnson (1960), show
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movement on the Red Bluff Fault as south-down. Because of the similarity of
its relationship to the Great Valley magnetic and gravity high with that shown
by the Midland and Willows Faults, it is suggested by the above authors that
the Red Bluff Fault may correspond to a basement fault along the east flank of
the west side trough of the treat Valley syncline.

Jennings (1975) shows the Red Bluff Fault as a queried feature extending along
trend across the west side of the Sacramento Valley to aline with a fault shown
offsetting the south end of the Elder Creek Fault. Peppard and Associates
(1981) show a fault of similar extent at the horizon of the Dobbins Shale
within the Great Valley Sequence. No specific field study of the Red Bluff
Fault was made in this study.

Willows Fault. (See figure 2-11) This fault is a north—to-northwest-trending,
steeply dipping reverse fault with some slip components (Redwine, 1972, Alkire,
1968) . The Willows structure has a suspected length of about 38 miles start-
ing west of Artois and extending southward to a point about 14 miles east of
Williams. Harwood and Helley, 1982, extend the Willows Fault south to the
area of the Stockton Fault along the eastern side of the Sacramento Valley
from the Colusa Dome at Colusa. Their extension is apparently based on a
steepening of the crystalline basement west of the -1,500 meter depth contour.
However, no clear offset of the subsurface, such as that demonstrated by
Redwine, 1972, along the trend of the Willows Fault, north of Colusa, is docu-
mented along this trend of Harwood and Helley. Its length and orientation
bisects the Willows-Beehive anticline, localizing gas productivity on the east
or up~thrown block. Cross faults oriented northeastward also cut the anti-
cline and are mostly truncated by the northwest portion of the Willows Fault.
The cross faults cut the anticline into a series of dowmto-the-north blocks.
These and other faults, as well as the fold, were first defined in seismic
reflection and refraction work (Alkire, 1968). Bruce (1958) mapped an unnamed
fault west of Compton Landing gas field in Colusa County. ILn addition, an
arcuate northwest-trending fault was mapped southwest of Butte Slough gas field
in 1960. Redwine (1972) connected these faults based on the complementary
trend of his contours outlining the Princeton submarine valley, the subject of
his study. te believed that in this locality the course of the valley was
determined by the Willows Fault. This work extended the Alkire (1968) trace

of the Willows Fault to the southeast into sec. 1, T. 15N., R. 1 E. Redwine
(1972), examining the Marathon 0il Capital-Capital No. 1 well (sec. 30, T.20N.,
R.2W.) and other wells, concluded the Willows Fault to have an offset of

850 feet at the top of the Neroly Formation with the offset extending into the
Tehama Formation.

From Redwine's structural contouring it appears that most of the movement along
the Willows Fault has been dip-slip, northeast-side~up relative to the south-
west. In the Artois-Willows area a C3 and C5 age channel deposit crosses the
fault without any evidence of disturbance in the channel topographic profile.
Even though historic seismicity in the Willows area might be attributed to the
Willows Fault, there is no evidence for measurable ground surface deformation
since about 120,000 years ago.
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Corning Fault, The Corning fault is envisioned to extend from Kirkwood on the
south to nearby Red Bluff on the north (harlan Miller Tait 1982)., In USGS

OF 82-737 of Harwood and Helley, speculation on the faults existence is based
on unpublished analysis of several seismic lines crossing the fault area.
Seismic reflection profiles used are interpreted to show some steep, east-
dipping reverse faults with increasing offset with depth. Deformation in the
Red Bluff gravel is also used to indicate faulting. In addition, observing
the regional slope defined by the bottom of the Cretaceous along the east side
of the valley (or top of basement), there appears a possibility of an offset
of several hundred meters along the valley medial line which coincides with
the Corning fault. Other authors have constructed sections in the area of the
fault and have failed to identify fault structures such as the Corning trend
described by Harwood and Helley (see Redwine, 1972; Safonov, 1962; Sacramento
Petroleum Assaciation, 1962; Calif. Div, of 0il and Gas Vol., 30 No. 2 1944).
In this study (see section on Geophysical Study, paragraph 2.4.4), cross
r:ction and topographic profiles indicate the existence of a dome but not the
continuous fault shown by Harwood and Helley.

Malton Fault., Harwood and Helley (1982) project the Malton Fault as lying
east of Orland Buttes along a north-striking, high angle fault trend. This is
based on their interpretation of seismic reflection records and map patterns
of Quaternary units. They give the fault a length of 20 miles. The sense of
relative movement is similar to the Corning and Willows Faults; that is, the
east side is up, and doming of subsurface structure on the east block is due
to drag folding. There is, however, no evidence of near surface folding as
indicated by a shallow seismic reflection investigation performed during this
study and by extensive remnants of Q5 and Q6 terraces which cross fault loca-
tions in Thomes Creek and Stony Creek (at Lemon Home Colony). The results of
the geophysical survey crossing the fault and ground topographic profiling are
reported in the Geophysical Study section (2.4). Extensive analysis of wells
containing the Lovejoy Basalt indicates that the flow is essentially unfaulted
across the supposed trace of the Malton Fault (figure 2-12).

Black Butte Fault. (See figure 2~12)

(1) Previous Observations. The Black Butte Fault as shown by Jennings
and Strand (1960) has a map length of 9 miles and trends N. 100 to 200 W.
The fault is thought to exhibit west-side-down displacement relative to the
east. Russell (1931) was first to show a fault in this position to explain
the presence of topographic, high buttes of basalt capping Cretaceous bedrock.
He correctly reasoned Orland Butte basalt (referred to as Stony Creek Butte)
was the same as basalt present in valley wells beneath the Tehama Formation.
Russell evoked the fault mechanism to explain the absence of Tehama materials
on top of the Buttes by stripping the uprising block. Later Durrell (1959)
and Creely (1954) suggested the origin of the basalt was a Miocene flow that
spread into the valley as channel flows from the Honey Lake escarpment. Orland
Buttes and Table Mountain were suggested as coeval. Relief on the basalt sur-
face was caused mostly by erosional relief of the underlying sedimentary rocks,
the basalt acting as a cast. The basalt on the valley edge was uplifted by
continued folding of the valley syncline. However, in the western valley,
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